Abstract
Introduction
Wood and agricultural residues are major choices as feedstock for energy production and they can either be converted through thermo-chemical or biological processes. The most common, though inefficient, thermochemical conversion process is direct burning in an open fire for heating or cooking, which is used particularly in rural areas. Gasification would present a more energy efficient way of thermochemical conversion. Wood and agricultural residues are found in abundance in most rural areas in South Africa; however most of these biomass materials are not suitable for direct gasification because they are bulky, heterogeneous in size and shape and might differ in density. These differences not only make it difficult to handle, transport and store the biomass, but also to convert it, as most gasifiers cannot handle heterogeneous particle sizes.
There are numerous ways to resolve these problems, of which briquetting or pelleting are the most commonly utilized technologies (Kaliyan and Morey, 2009 ). This entails condensing the previous-ly comminuted biomass into densified particles of uniform size, shape and density. Briquettes are typically larger than pellets with a diameter of about 8 cm and a length of about 10-20 cm, while pellets have dimensions of only a few cm and less. This pre-processing of biomass into briquettes improves the handling characteristics, as well as the bulk density and ultimately the calorific value [Wilaipon, 2008] . The bulk density of loose biomass is typically between 40-200 kg/m 3 and can be increased to densities as high as 600-800 kg/m 3 by compressing it into briquettes. The combustion efficiency of the resulting briquettes depends on density, chemical composition and moisture content (Shaw, 2008) .
Biomass can be derived from various resources, which differ in their chemical composition. Lignin is the structural component of wood that acts as a natural adhesive and its amount varies for different species (Walker, 2006) . Lignin facilitates the compression of small particles into briquettes, as it facilitates the adhesion between particles. Biomass other than wood, such as agricultural waste or chicken litter may contain less or no lignin and will therefore be less easy to compress into mechanically stable briquettes.
Downdraft gasifiers have specific fuel requirements, such as fuel size and type, form, moisture content, ash and slagging characteristics, energy content, bulk density and tolerable tar content. Thus, a downdraft gasifier is very fuel specific because its performance depends on the fuel properties, as well as the operating conditions, maintenance level and user experience.
Moisture affects the combustion efficiency negatively (Demirbas, 2004) . In downdraft gasifiers, the moisture is driven off in the drying and carbonization zones of the gasifier, which consumes energy that would otherwise be available for reduction reactions that form the major part of the producer gas, thereby lowering the conversion efficiency of the system. Downdraft gasifiers require fuel with less than 30% moisture content. On the other hand, a certain amount of moisture is necessary to press briquettes and make sure that the biomass particles adhere to each other via hydrogen bonds. If the briquettes are pressed too dry, they will disintegrate which leads to biomass loss and makes it difficult to handle the briquettes.
Agricultural residues typically have moisture contents and calorific values different from wood (White and McGrew, 1976) . The moisture content of chipped wood that has been air dried for several weeks varies between 10 and 20%, whereas agricultural biomass contains between 50% and 85% moisture (Hagström, 2006) , depending on the type of feedstock. High moisture content also puts strain on cooling and filtering equipment by increasing the pressure drop across these units because of condensing liquid. A moisture content around 10-20% is ideal for gasification in downdraft gasifiers (Sims et al, 1996) , which implies that most biomass has to be dried before it can be used as fuel for these gasifiers.
Typical energy contents range from 0. 5 to 17 MJ/kg at 10-15% moisture content, depending on the type of biomass (Maciejewska et al., 2006) . An additional consideration with regard to the biomass fuel choice is the ash content. Ash consists mainly of elements, such as K, Ca, S, Na, Fe, Si and other trace elements and it is the inorganic matter that cannot be combusted and remains in the gasifier in the form of ash and has to be discarded after combustion. Wood typically has a low ash content around 0. 5%, whereas many other agricultural residues can have ash contents as high as 20% or more. The amount of inorganic matter in biomass also affects its ultimate calorific value (Strehler, 2000) . Ash can present problems, such as slagging, clogging and build up of debris in the gasifier (Higman and van der Burgt, 2003) .
Biomass usually also contains tar, which can form deposits in the inlet valves of the reactor, which can block the gasification unit (Rajvanshi, 1986) as a product of an irreversible process that takes place in the pyrolysis zone (Kaupp, 1982) . The gasification temperature and heating rate determine the appearance of tar. Generally downdraft gasifiers produce less tar than other gasifiers (Remulla, 1982) . However, because of localized inefficient processes taking place in the throat of the downdraft gasifier, it does not allow the complete dissociation of tar (Kaupp, 1982) .
The main aim of this work was to determine the feasibility of briquettes consisting of wood, grape skins and chicken litter for gasification in a downdraft gasifier. The briquettes were produced in a small-scale manual press that could potentially be used in a rural setup. The briquettes were then tested in a small scale spark-ignition down-draft gasifier for their performance, but unfortunately these experiments failed due to the disintegration of the briquettes. The pressure produced by the hand press proved to be too low and although the briquettes were stable enough for handling and transport, they disintegrated too quickly when heated. This setup will have to be improved in further experiments. The feasibility was then evaluated with a simulation model as an appropriate alternative. The model, developed by Jayah, et al. (2003) takes all relevant parameters of down-draft gasifiers into account and the biofuel parameters were adjusted according to the properties of the briquettes.
Materials and methods

1 Sample collection and preparation
Grape skins and chicken litter were collected from disposal piles on farms in the Western Cape, South Africa. The material was sun-dried for about 72 hours and cleared of large foreign objects, such as stones, feathers and twigs. Pine and eucalyptus wood chips were collected from the Department of Forest and Wood Science, Stellenbosch University. A blend of the chips was further comminuted with a Retsch mill. Particles were not screened for size in order to simulate the 'real-life' scenario at the farm. The moisture content of all types of biomass was determined after milling with the oven-dry method and moisture was either added or reduced (by oven drying) to obtain the desired moisture content.
2 Briquetting
Briquettes were pressed in a custom built hydraulic, manual laboratory press according to the optimum process parameters determined in a previous study (Malatjie and Meincken, 2009) . The press was designed to be used in a rural, domestic setup and will have to be improved to obtain better results. The briquettes were observed for stability and density after two weeks of conditioning at 20 o C and 65% RH and the briquettes with the highest density and best stability were used for further experiments. However, the maximum pressure that could be obtained per briquette was only about 19 kPa, as opposed to 100 KPa in typically found in industrial presses. Furthermore, no frictional forces to facilitate lignin flow were present, because the hydraulic press system is stationary. This resulted in briquettes with lower density (about 550 kg/m 3 ) and lower internal bonding than could be achieved when using an industrial press. The raw materials were blended in a ratio of 50:30:20 wood:grape skins:chicken litter.
3 Briquette properties 3. 1. Ash content
The ash content was determined according to TAPPI standard T 211 om-85 (1985) . Ovendried pieces of the briquettes were weighed before they were placed in a furnace at 575˚C for 3 hours. After combustion the samples were placed in a desiccator to prevent moisture absorption while cooling. The ash content was determined according to:
Where m ash is the mass of the ash and m briquette is the mass of the oven dry briquettes.
3. Energy content
The energy content was determined with an Eco Bomb Calorimeter from CAL2k. The instrument was calibrated with about 0. 5g of benzoic acid before measurements. The energy content of about 0. 5g of biomass was determined in a pressurized oxygen atmosphere of 3000 kPa.
3. 3. Elemental analysis
The chemical composition of the blended briquettes was determined by inductively coupled plasma atomic emission spectroscopy (ICP-AES) by the company BEM Labs, Somerset West, South Africa. The elemental analysis of pine wood was obtained through the microwave digestion method and is reported in a previous study of Mamphweli and Meyer (Mamphweli and Meyer, 2009 ).
4 Gasification simulation
A DOS based program used to simulate the performance of a downdraft gasifier was developed by Jayah et al., 2003 . In this study pine wood and blended briquettes were used as biomass feedstock and their performance compared. The obtained gas profiles were used to calculate the gas heating value from the percentage composition of combustible gases as follows:
where CV is the gas calorific value/heating value (MJ/Nm 3 ), H 2vol is the volume concentration of hydrogen gas (%), CVH 2 is the calorific value of hydrogen (10. 1 MJ/Nm 3 ), CO vol is the volume concentration of carbon monoxide (%), CVCO is the calorific value of carbon monoxide gas (12. 64 MJ/Nm 3 ), CH 4vol is the volume concentration of methane gas (%) and CVCH 4 is the calorific value of methane gas (38 MJ/Nm 3 ) (Mamphweli and Meyer, 2010) . The calorific values of the various gas species were obtained from the standard gas table.
The following equation was used to determine the conversion efficiency of the gasifier:
Where η is the efficiency, H g is the heating value of the gas and H w is the heating value of the pine wood and/or briquettes.
Results and discussion
1 Proximate and ultimate analysis
Proximate and ultimate analysis results of briquettes made from a blend of wood, grape skins and chicken litter and of solid pine wood are presented in Table 1 . The parameters presented in Table 1 were used to simulate the performance of the biomass feedstock in a downdraft gasifier. Briquettes and pine wood differed significantly in the carbon and nitrogen content, as well as the bulk density. All these values are expected to affect the gasification per-formance. For instance the critical minimum bulk density for gasification in a downdraft gasifier is 200 kg/m3, which is necessary to avoid fuel hang-up (i. e. fuel congestion and blockage of the hearth) that could lead to hearth damage. Table 2 shows the design of the small scale gasifier used in the experiment and the optimised operating conditions used for the simulations. 
2. Gasification simulation
Gasifier parameters Value
Throat diameter (cm) 5
Throat angle (degrees) 30
Insulation thickness (cm) 2
Thermal conductivity (W/cm K) 2
Feed input (kg/h) 65
Temperature (input air) (oC) 27
Air input (kg/h) 44. 5
Heat loss (%) 0. 5 Figure 1 shows the volume of combustible gases obtained using pine wood and briquette parameters with the same gasifier operating conditions. Pine wood was used as a reference to establish the performance of the briquettes since it has been tested experimentally and found to achieve high conversion efficiency (76%) in a downdraft gasifier (Mamphweli and Meyer, 2010) . However, some gasifier parameters and operating conditions, such as feed input and throat diameter had to be altered for the briquette simulations in order to establish the highest possible efficiency that could be reached. The same gasifier parameters and operating conditions were then used for the simulation of pine wood performance. Table 3 (overleaf)shows the parameters that were altered.
The altered parameters were the throat diameter, the throat angle as well as the feed input rate as indicated in Table 3 . The final parameters that were regarded as the optimum gasifier parameters that resulted in the highest conversion efficiency are highlighted in the final column (E).
The producer gas obtained with above parameters resulted in significantly higher volumes of hydrogen and lower volumes of carbon monoxide when briquettes were used as fuel. The methane output was comparable. These two gasses have a huge impact on the efficiency of the gasifier and therefore the heating value of the gas, which depends on the composition and ratio of combustible gases and is directly proportional to the conversion efficiency. Figure 2 shows the higher heating value of the producer gas and the conversion efficiency obtained from pine wood and briquettes, respectively under the same gasifier operating conditions. Briquettes produced a gas with an average heating value of 6. 8 MJ/Nm 3 , while the average of pine wood was 5. 7 MJ/Nm 3 . Both gas heating values corresponded well with the producer gas heating values expected for downdraft gasifier systems (Quaak et al., 1999 , Stassen, 1995 . On average the amount of producer gas obtained from the briquettes was 20% higher than the gas obtained from pine wood.
The conversion efficiency was found to be higher for briquettes (approximately 80%) than for pine wood (approximately 68%). This was in accordance with the volume concentration of the combustible gasses and the gas heating value, as the latter is directly proportional to the conversion efficiency as evident from equation 3. On average the briquettes showed a 17% higher conversion efficiency than pine wood.
The poorer performance of pine wood during these simulations result from the fact that the gasification conditions were optimised for the briquettes and are somewhat different from the optimum settings for pine wood, because the main purpose of this study was to establish the optimum operating conditions and design for the briquettes. It could, however be shown that solid wood and briquettes made from a blend of wood and agricultural waste resulted in comparable gas yield, heating value and conversion efficiency. Unfortunately, it was not possible to verify the simulated results with experimental values, because the briquettes made with a manual press proved to be too unstable to be converted in a down-draft gasifier and disintegrated in the combustion zone, which led to an inadequate air flow and subsequent process failure. This problem would be easy to overcome by using an industrial briquette press with sufficient pressure and internal friction, which would lead to a higher internal bonding strength between particles as well as a higher briquette density. The aim of this study, however, was to manufacture briquettes in a small hand press, which will have to be improved in further experiments.
Conclusion
Briquettes for gasification in a downdraft gasifier were produced with a small scale manual press from a blend of wood, grape skins and chicken litter. This yielded briquettes stable enough for transport, but unfortunately they disintegrated in the combustion zone of the gasifier. The gasification performance was then simulated and compared to pine wood, which is a commonly used fuel for gasification. The simulation results showed that the blended briquettes were comparable to pine wood in their performance and the simulation suggested that the briquettes could even perform better than pine wood, if the gasifier operating conditions were optimised for the briquettes. The results show that a combination of wood and agricultural residues can be used as biofuel for gasification with the same, if not better, efficiency as solid pine wood. Heat loss (%) 0. 5 0. 5 0. 5 0. 5 0. 5 0. 5
Figure 2: The average higher heating values of the producer gas and the conversion efficiency obtained using pine wood and briquette parameters under the same gasifier operating conditions
